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gd-Selected T Cells
How does signaling through the pre-TCR and gd TCR
generate distinct cell lineages? A new study shows
that a cell-surface marker, CD27, identifies the first
point of demarcation of these lineages and allows fur-
ther probing into the critical regulatory factors that
control b and gd selection.
In this issue of Immunity, Taghon et al. (Taghon et al.,
2006) describe a new experimental strategy to discrim-
inate between the earliest developing ab and gd T cells.
The experimental system is based on previous observa-
tions indicating that the cell-surface protein CD27 acts
in concert with the pre-T cell receptor (TCR) to promote
b selection (Gravestein et al., 1996). Here, CD27 expres-
sion is shown to be induced in thymocytes in both
b- and gd-selected cells. Using this marker, the authors
show that emerging b-selected thymcoytes are different
from gd-selected cells in their dependence on prolifera-
tion, Notch signaling, and gene-expression programs.
During thymocyte development, two T cell lineages
develop. These can be distinguished by the expression
of two very different types of antigen receptors: ab and
gd TCRs. ab and gd T cell development is characterized
by a series of developmental stages, which have been
defined on the basis of the expression of temporally reg-
ulated cell-surface proteins. The earliest T cell progeni-
tors, also termed double negative (DN), lack CD4 and
CD8 expression and can be further divided into four sub-
sets based on the expression of two cell-surface markers,
CD44 and CD25. The DN1 (CD442CD252) subset con-
tains the earliest T cell progenitors that are uncommitted
and pluripotent. T cell specification and TCR gene rear-
rangement is initiated at the DN2 (CD44+CD25+) cell
stage, but commitment is only completed within the DN3
compartment (CD442CD25+). At the DN3 cell stage the
TCR b, g, and d loci undergo further rearrangement to
generate a functional TCR chain. Once thymocytes be-
come committed to the ab or gd T cell lineage, they must
progress through a critical checkpoint in order to sur-
vive, expand, and mature. Successful rearrangement of
the TCRbvariable regions leads to the assembly of an an-
tigen receptor complex, consisting of the TCRb, the in-
variant pre-TCR (pTa) chain, and members of the CD3
complex. Once a pre-TCR is expressed,abT cells will ex-
pand and differentiate into CD4+CD8+ double-positive
(DP) cells (von Boehmer et al., 1998). In contrast, if the de-
veloping thymocytes undergo productive gd TCR gene
rearrangement, thymocytes will become committed to
the gdT cell lineage (gd selection). Although the signaling
modules of the pre-TCR and gd TCR are similar, there is
now evidence that the pre-TCR delivers signals that are
different from those emanating from the gd TCR (Saint-
Ruff et al., 2000; Haks et al., 2005; Hayes et al., 2005).
However, how these two signaling pathways modulateprograms of gene expression to establish either the ab
or the gd T cell lineage remains largely unknown.
CD27 is differentially expressed in developing thymo-
cytes. Its expression is high in the DN1 and DN2 com-
partments but bimodal in DN3 thymocytes. The majority
of DN3 cells express low amounts of CD27 and are called
DN3a cells here. A smaller proportion of the DN3 com-
partment expressed a high abundance of CD27, and
these cells are designated DN3b cells. DN4 cells contin-
ued to express high amounts of CD27.
Although the survival and developmental progression
of pro-T cells requires Notch activity, gd T cells do not
absolutely require Notch-mediated signaling (Tanigaki
et al., 2004; Washburn et al., 1997, Wolfer et al., 2002).
However, the developmental stage affected in commit-
ted ab T lineage cells was not well defined. Here, Ta-
ghon et al. unambiguously show that CD27 marks the
transition beyond which thymocytes that are committed
to the ab T cell lineage do not depend on Notch-medi-
ated signaling in order to develop into CD4+CD8+ (DP)
thymocytes. Consistent with previous observations,
thymocytes within the DN3 compartment have the ca-
pacity to differentiate into gd T cells in the absence of
Notch activity, clearly distinguishing these two lineages
at this developmental stage.
Previous studies have used cell size successfully to
characterize changes in gene expression before and af-
ter b selection (Hoffman et al., 1996). However, the use of
CD27 allows for the purification of both newly emerging
b and gd T cells in wild-type thymocytes. This analysis
showed a number of interesting features. The expression
of genes involved in Notch signaling, including that of
Notch 1, Notch 3, and their target gene Hes1, was coor-
dinately downregulated in bothgd- andab-selected cells
at the DN3b stage. Equally interesting was the marked in-
crease in Mybl2 (Myeloblastosis oncogene-like 2) tran-
script expression in both b- and gd-selected cells. Mybl2
activity has been shown to correlate with progression of
the cell cycle, and it would be of interest to examine
Mybl2-deficient mice for abnormalities in cellular expan-
sion during the b- and gd-selection process.
Specific gene-expression patterns distinguished cells
undergoing b selection from those undergoing gd selec-
tion. For example, emerging gd T cells maintained Bcl-2
expression, whereas Bcl-2 transcript levels declined in
ab DN3b cells. In addition, Bcl-xL expression declined
substantially in emerging gd-selected T cells, whereas
the decline in Bcl-xL transcripts in ab DN3b cells was
markedly less, resulting in a higher Bcl-2-to-Bcl-xL ratio
when these cells were compared to emerging ab T cells.
IL-7R-mediated signaling has been implicated in regu-
lating Bcl-2 expression. It is unlikely, however, that
IL-7Ra-mediated signaling is the only component regu-
lating Bcl-2 expression because substantial amounts
of IL-7Ra are expressed in both the DN3 and DN4 thy-
mocyte compartments (Munitic et al., 2004). Rather,
pre-TCR-mediated signaling may activate a pathway
leading directly to the inhibition of Bcl-2 expression dur-
ing b selection. The identification of such a factor should
provide mechanistic insight into how changes in signals
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12Figure 1. Model Outlining Early Regulatory
Events in Emerging b- and gd-Selected T Lin-
eage Cells
Regulation of transcription factors in emerg-
ing b- and gd-selected T cells. Upon pre-
TCR-mediated signaling, Id3 expression is
elevated in DN3b cells, whereas that of HEB
transcripts are decreased and E47 abun-
dance is lowered as a direct result of both
Id3 inhibition and signaling through the
TCR, ultimately resulting in a decrease in E
protein DNA binding activity. In emerging gd
T cells, the expression of Egr2, Egr3, and
Id3 is increased, whereas that of HEB tran-
scripts are lowered.emanating from the pre-TCR and gd TCR influence down-
stream target-gene-expression programs.
The analysis also raised some interesting questions
with regard to the role of E proteins in pre-TCR and gd
T cell selection. The expression of the E protein E47 is re-
quired for antagonizing developmental maturation to the
DP cell stage in the absence of pre-TCR signaling (Engel
and Murre, 2004). Furthermore, E47 functions to inhibit
proliferation in DN3 cells prior to the expression of TCRb.
These data imply that b selection alters E protein activity
and allows rescue from the developmental and prolifera-
tion pre-TCR checkpoint. Indeed, pre-TCR signaling has
been shown to modulate E protein activity through at
least two distinct mechanisms: gene expression of Id3,
an inhibitor of E protein activity, is rapidly activated upon
b selection, and the amount of E47 protein decreases
once DN cells become DP cells. It remains to be deter-
mined which of these two mechanisms, or possibly both,
is critical to promote b selection.
Id3 gene expression is regulated by the Egr proteins.
Egr proteins are zinc-finger-domain-containing proteins
that play critical roles in thymocyte developmental pro-
gression. Three Egr proteins have been identified and
designated as Egr-1, Egr-2, and Egr-3. Id3, Egr2, and
Recent studies have demonstrated that Egr2, Egr3,
and Id3 mRNA abundance is also increased in gd T cells
(Haks et al., 2005). Consistent with these observations,
Taghon et al. show that expression of Egr-2, Egr-3,
and Id3 was elevated in emerging CD27hi gd T cells.
Surprisingly, Egr-2 and Egr-3 expression was not in-
creased upon pre-TCR-mediated signaling, although
Id3 expression was elevated. It is possible that Egr-1
or other transcriptional regulators activate Id3 gene ex-
pression at the b-selection checkpoint (Figure 1).
Another interesting feature was the substantial de-
crease in HEB. HEB belongs to the E-protein family and
is closely related to E47 in its biochemical properties.
E47 and HEB readily form heterodimers in developingthymocytes to regulate downstream target-gene ex-
pression, including preT-a. In the Taghon et al. study,
HEB transcript expression declined upon both pre-
TCR and gd-mediated selection, consistent with a de-
cline in E-protein activity upon TCR-mediated signaling
(Figure 1). These data raise the possibility that E pro-
teins also enforce the gd TCR checkpoint. It is conceiv-
able that the b and gd selection may, at least in part, use
the same molecular mechanism(s) to enforce develop-
mental checkpoints.
Do E proteins and Id3 play a critical role in gd T lineage
development? E proteins have been shown to affect gd
T lineage maturation and markedly influence TCR gd
V(D)J gene rearrangement during both fetal and adult
gd T lineage development (Bain et al., 1999). During fetal
development Id3 is necessary to promote gd T lineage
maturation (Haks et al., 2005). In adult thymocytes, how-
ever, Id3 is not required, and it is possible that the
downregulation of E2A or HEB mRNA and/or protein
abundance replaces the activity of Id3 to allow gd T
lineage developmental progression (Rivera and Murre,
unpublished observations).
The identification of CD27 as a marker for b and gd se-
lection should allow a more detailed analysis of genes
and proteins differentially regulated in emerging b and
gd T lineage cells. It will be interesting to see the similar-
ities and differences that promote the development of
these closely related, yet distinct, cell lineages.
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Taking Control of
Follicular Dendritic Cells
Follicular dendritic cells signal the formation of B cell
follicles as well as B cell activation, proliferation, and
maturation. However, the precise molecular pathways
controlling these processes are just beginning to be
unraveled.
Establishment of T cell-dependent humoral immunity
requires key cell-cell interactions in the B cell follicles
of secondary and tertiary lymphoid tissues. Clusters of
follicular dendritic cells (FDCs) provide both organizing
signals for the proper structure of the follicles and reg-
ulatory signals to support B cell activation, proliferation,
and maturation. In this issue of Immunity, Victoratos
et al. underscore the requirement for tumor necrosis
factor (TNF) to activate FDCs and identify IkappaB
kinase 2 (IKK2)-dependent signaling as critical for the
expression of a fully functional germinal center B cell
response (Victoratos et al., 2006).
Properly regulated immune responses, which include
development of robust immune memory, require inter-
actions between antigen-presenting cells (APCs), effec-
tor lymphocytes, and additional regulatory cells. Effi-
cient induction of T cell-dependent immune responses
occurs largely in secondary and tertiary lymphoid tis-
sues (Karrer et al., 1997). These lymphoid tissues pro-
vide an organized environment in which naive antigen-
specific cells and antigen-nonspecific accessory cells
and regulatory cells accumulate in preparation for an
encounter with antigen. Delivery of antigens into a lym-
phoid organ causes antigen-specific T cells and B cells
to be activated and to move to new locations that facil-
itate their interactions to generate high-affinity antibody
responses and durable immune memory.
The lymphoid tissue compartment designated the B
cell follicle is central in the formation of high-affinity an-
tibody responses and B cell memory. In normal lym-
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(GC) reaction develops. Although immunoglobulin gene
somatic hypermutation and selection of high-affinity an-
tibody can occur without GCs (Matsumoto et al., 1996),
intact GCs dramatically enhance the efficiency of the
high-affinity response (Le Hir et al., 1996). In lymphoid
tissues, mature FDCs play key roles as follicle orga-
nizers. When they receive the proper developmental
and maturational signals, FDCs cluster and express
the chemokine CXCL13 and adhesion molecules that
help localize cells that participate in the GC response.
Once they are clustered, FDCs express a dense network
of dendritic processes that display both complement
and Fc receptors that localize antigen-containing im-
mune complexes required for the efficient generation
and selection of high-affinity, somatically mutated anti-
bodies and for the formation of memory B cells. In addi-
tion to binding immune complexes, FDCs interact avidly
with B cells by virtue of the adhesion molecules ICAM-1
and VCAM-1 on the FDCs, which interact with LFA-1
and VLA-4 on the B cell. These physical interactions
are crucial for the survival of B cells proliferating in the
GC (Koopman et al., 1994; Tew et al., 2001). In addition
to supporting survival of GC B cells, FDCs appear to
activate both isotype switching and somatic hypermu-
tation, inducing expression of the activation-induced
cytidine deaminase (AID) in B cells that have been stim-
ulated with antigen (Aydar et al., 2005).
Considerable progress has been made in defining
signals that affect FDC differentiation and maturation.
Many studies have shown that FDCs are derived from
radio-resistant, nonhematopoietic lineage cells. The ex-
act nature of these precursor cells remains undefined.
Nevertheless, it is clear that interactions between sev-
eral ligands in the TNF family and their receptors are re-
quired for normal development of FDCs from these pre-
cursors and for normal FDC survival and function. Mice
deficient in the membrane lymphotoxin heterotrimer
(LTa1b2) or its cell-surface receptor (LTbR) manifest con-
genital absence of lymph nodes and Peyer’s patches as
well as disordered spleen structure with absence of de-
tectable FDCs (Matsumoto et al., 1996). A direct role for
LTa1b2 in FDC differentiation or activation is supported
